In vertebrates, viviparity has evolved independently multiple times, apparently increasing morphological diversification and speciation rates as a consequence. We tested whether the evolution of viviparity has also increased diversification of life-history traits by estimating evolutionary rates of lizards from the North American family Phrynosomatidae. Using modern phylogenetic comparative methods, we compared these rates between oviparous and viviparous species, and found no support for this hypothesis. Instead, we found higher evolutionary rates for oviparous species in some life-history traits. Our results suggest that the evolution of viviparity may have constrained rather than facilitated evolution of life histories.
Introduction
Evolution of key innovations may lead to phenotypic diversification and adaptive radiations [1] . For example, toe pads in Anolis lizards [2] , pharyngeal jaws in cichlid fishes [3] and antifreeze glycoproteins in notothenioid fishes of Antarctica [4] have all been described as key innovations leading to increased phenotypic diversification and higher rates of speciation as animals colonized a wider array of ecological niches. In lizards and snakes, viviparity has evolved independently more than 100 times [5] and may be a key innovation that allowed females to maximize offspring fitness in cold environments [6] [7] [8] . In addition, the ability of viviparous females to actively thermoregulate during pregnancy allows them to manipulate the phenotype of their offspring as well as to reduce the variance in the temperature experienced by developing embryos [9] . By selecting colder or less variable temperatures during pregnancy, viviparous females may also increase their offspring fitness in extremely hot environments [6] . Thus, the evolution of viviparity presumably increased the range of environmental conditions in which these reptiles thrive, which in turn probably promoted phenotypic diversification.
Recent studies have suggested that the evolution of viviparity in reptiles increased lineage diversification [7, 8] . Oufiero & Gartner [10] demonstrated that viviparous lizards of the North American family Phrynosomatidae experienced higher evolutionary rates leading to greater interspecific diversification in morphological traits such as pelvic height and width, humerus length and radius length compared with oviparous species of the same family. This lower rate of phenotypic diversification in oviparous species may be explained by the need for an optimal egg size (i.e. large eggs cannot pass undamaged through the pelvic girdle and small eggs may not contain enough nutrients for embryo development; [11] ). This morphological constraint on egg size may impose additional constraints on life histories and maternal traits owing to the complex mechanics of the reproductive morphology or to pleiotropic genes associated with reproductive mode. The evolution of viviparity may represent a key innovation that relaxed such constraints, hence promoting phenotypic diversification [10] .
In this study, we tested the impact of viviparity on lifehistory evolution by comparing evolutionary (diversification) rates of life-history traits between oviparous and viviparous species of the lizard family Phrynosomatidae. Viviparity has likely evolved independently six times within this North American family [7] . We predicted higher diversification rates in the life histories of viviparous species. Life-history traits are directly related to fitness and, therefore, if viviparous species have been able to colonize habitats where oviparity would be selected against (such as environments with extreme temperatures where eggs in nests would not survive [6] ), then such new habitats probably promoted local adaptations that further increased interspecific diversity in life-history traits of viviparous species.
Material and methods
We compiled a dataset of the following life-history traits for 61 (44 oviparous and 17 viviparous) phrynosomatid species: age at maturity, clutch/litter size, longevity, offspring length, relative clutch/litter mass (RCM), size at maturity and mean average size (snout -vent length) of adult females (electronic supplementary material, table S1). Our dataset includes all the species for which we found life-history information in an extensive literature search. When data were available for more than one population, we calculated species averages. With the exception of clutch/ litter size, data were not available for all 61 species (we show sample sizes in table 1). We combined these data with a timecalibrated phylogeny [12] and ancestral estimates of oviparity/ viviparity [7] . Our dataset included representative species from five of the six independent origins of viviparity in the family (electronic supplementary material, figure S1 ). We focused on comparing evolutionary (diversification) rates (s 2 ) between oviparous and viviparous species by means of two phylogenetic comparative methods. First, we implemented PANCOVA [13] , a phylogenetic ANCOVA that uses maximumlikelihood to test for changes in both the rate of evolution and the relationship between traits with the evolution of a specified historical context. In this case, we tested whether the evolution of viviparity was associated with changes in the rate of diversification of each life-history trait, while accounting for potential major differences between oviparous and viviparous species in the mean values and in the relationship between each life-history trait and a particular covariate. For all life-history traits, we used female body length as a covariate because these traits are usually subject to allometric effects (figure 1a-f ). In this way, we were able to disentangle the impact of reproductive mode from the confounding effects of female body size. In addition, we also used clutch/litter size as a covariate for RCM to estimate relative offspring mass (figure 1g). We included the interaction between reproductive mode and the covariate because a steeper slope for either oviparous or viviparous taxa would imply a tighter phenotypic relationship and, hence, additional evidence of evolutionary constraints. We implemented PANCOVA using three evolutionary assumptions. (i) Traits adapt immediately to their local environments, leaving behind no trace of the phylogeny (i.e. assuming a star phylogeny). (ii) Traits evolve gradually under Brownian motion (i.e. phylogeny explains most of the variation). (iii) Traits are a combination of local adaptation and phylogenetic inertia (estimating l, the amount of phylogenetic signal as part of the analysis). We used these evolutionary assumptions in models that estimated either a single evolutionary rate for both oviparous and viviparous species, higher rate for viviparous species or higher rate for oviparous species. We log-transformed variables to meet assumptions of linearity, homoscedasticity and normality, except for offspring length, which met assumptions in the original scale.
Second, we implemented different Brownian motion and Ornstein -Uhlenbeck models of trait evolution in the R package OUwie to compare s 2 between oviparous and viviparous species under a range of evolutionary assumptions [14, 15] . We applied this approach to residuals of phylogenetic regressions [16] conducted on log-transformed variables (excepting offspring length) in which we scaled each life-history trait by female length as well as RCM by clutch/litter size to estimate relative offspring mass. We fit seven models to each life-history trait, varying the mode of evolution (Brownian motion or OrnsteinUhlenbeck) and whether we estimated a single global diversification rate or different rates for oviparous and viviparous species. The parameters estimated by OUwie are evolutionary rates (s 2 ), strength of stabilizing selection (a) and trait optima (u). We used the Akaike information criterion adjusted for small sample sizes (AICc) to compare the fit of all models.
Results
Using PANCOVA, we found little evidence of an increase in diversification rate with the evolution of viviparity, and 
age at maturity (log scale) Figure 1 . Bivariate relationships between life-history traits and female length (a -f ) as well as between relative clutch/litter mass and clutch/litter size (g). Black circles depict oviparous species; red triangles depict viviparous species. Continuous, dashed and dotted lines represent regression models assuming star phylogeny, Brownian motion and phylogenetic signal, respectively. Regression coefficients were obtained from models that assumed higher evolutionary rates for viviparous species. However, lines represent general trends because regression coefficients were fairly consistent across models that estimated a single rate or different rates between oviparous and viviparous taxa (see electronic supplementary material, table S3). (Online version in colour.) rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160653 instead, diversification decreased in some life-history traits. In all models that assumed a greater diversification rate for viviparous species, the estimated rates were quite similar between oviparous and viviparous taxa, whereas in most models (all except those for size at maturity) that assumed greater diversification for oviparous species, the estimated rates were considerably lower for viviparous species (table 1) . In addition, most of the models with higher diversification rates for viviparous species had weaker support (i.e. larger AICc values) than those describing faster diversification in oviparous species (electronic supplementary material, table S2). With the exception of size at maturity, variability around the regression lines (i.e. interspecific phenotypic diversification) was greater for oviparous species (figure 1). This pattern was especially true for offspring length, for which we found diversification rates for oviparous species that were at least two times higher than those for viviparous species, regardless of the underlying assumptions (table 1). The evolution of viviparity was also accompanied by steeper positive relationships of age and size at maturity with female length (in both cases the interaction effect was significant; figure 1a,f; electronic supplementary material, table S3). We report regression coefficients from all PAN-COVA models in electronic supplementary material, table S3.
Using OUwie, we observed the same consistent pattern: most models (all except model OUMV for age and size at maturity) found higher diversification rates of life-history traits in oviparous than viviparous species (table 2) . In particular, we again found strong evidence of a considerable decrease in diversification of offspring length with the evolution of viviparity. Depending on the particular evolutionary assumption, the estimated diversification rate of this trait for oviparous species was between two times and almost eight times larger than that estimated for viviparous species (table 2) . We report additional estimates from OUwie models (a and u) in the electronic supplementary material, table S4. All OUwie models yielded qualitatively similar results when we accounted for intraspecific (interpopulation) variation.
Discussion
Recent research on the multiple independent origins of viviparity in vertebrates has switched from a focus on the causes of this repeated evolution to a new interest in its consequences [10] . The evolution of viviparity in reptiles increased morphological and lineage diversification [7, 8, 10] . Our study found the opposite pattern: viviparous species exhibited reduced rates of evolution and lower diversification in some life-history traits.
This result is intriguing for two reasons. First, speciation is often associated with life-history diversification (e.g. [17] ), whereas here we find evidence of constrained life-history evolution in viviparous species, which have a higher speciation rate than oviparous species in this family of lizards [7] . Second, viviparity is often described as a key innovation that allowed lizards to persist in a wide array of environments, including cold regions and sites where temperature varies drastically [6] [7] [8] [9] . The colonization of these environments was expected to promote local adaptive changes and, therefore, life-history diversification. Our results are more consistent with the perspective that phrynosomatid lizards evolved in a general context of global cooling over the past 20-40 million years, which promoted the evolution of viviparity without colonization of new areas [18] . Similar comparisons of evolutionary rates between oviparous and viviparous species from other taxonomic groups are needed to know if the observed reduced life-history diversification associated with viviparity is a general phenomenon or if it is unique to this family of lizards. Why has viviparity constrained evolutionary rates of some life-history traits? We propose two tentative explanations. First, viviparity is a potentially costly process that enhances offspring survival at the risk of increased female mortality [19] . This cost may promote a relatively constant allocation of resources to each offspring. Larger investment in each offspring would detract from future reproductive events whereas lower investment may risk offspring survival. We found some support for this hypothesis because the strongest constraining effect of viviparity on evolutionary rates occurred on offspring size. We also found evidence of reduced evolutionary rates in relative offspring mass. Additionally, the tighter relationships of age and size at maturity with female length for viviparous species also suggests that viviparity intensifies costs and constrains diversification. Reaching large adult sizes necessarily implies delayed maturation at a relatively large size, presumably because the trade-off between growth and reproduction is stronger for viviparous species, thereby reducing the array of potential ages and sizes at maturity for any given adult size.
Second, the evolution of viviparity may involve many genes that simultaneously affect several physiological and reproductive processes, forging tight links among distinct phenotypic traits regardless of the particular environmental context [20] . Such pleiotropic effects may result in decreased interspecific phenotypic variation, as species have fewer evolutionary options. It is also possible that the rate difference is owing to non-selective factors such as higher mutation rates in oviparous taxa. Additional studies of the genetic and physiological mechanisms underlying the evolution of viviparity are needed to distinguish among these possibilities.
Data accessibility. The dataset is available in the electronic supplementary material.
